ABSTRACT: The present study was conducted to assess the effect of 2 dietary Ca concentrations on P and Ca digestive and metabolic utilization in weanling pigs fed diets providing practical concentrations of P, with or without phytase. The responses of pigs fed diets adequate or moderately deficient in Ca and P postweaning were compared. A total of 60 pigs weaned at 28 d of age were used. Two groups of 30 pigs with differing mineral status resulted from a 10-d depletion period, during which the animals received depletion diets (DD) that consisted of corn-soybean meal with either 1.42% Ca and 0.80% P (DD+) or 0.67% Ca and 0.43% P (DD−), designed to achieve the same Ca:digestible P ratio. At the end of the depletion period, a plasma sample was taken from each pig and 12 pigs (6 from each group) were slaughtered for bone assessment to establish the baseline mineral status. The animals fed the DD− diet had signs of P deficiency with reduced plasma P (13%; P < 0.01) and femur ash concentration (8%; P < 0.05), and increased plasma Ca (9%; P < 0.05) and alkaline phosphatase activity (31%; P < 0.01). For the subsequent 25-d period, the remaining 24 pigs from each group were fed 1 of 4 repletion diets: 1) 0.56% P, 1.06% Ca; 2) 0.56% P, 0.67% Ca; 3) diet 1 + 1,000 phytase units (FTU) of Natuphos phytase/kg; and 4) diet 2 + 1,000 FTU of Natuphos phytase/kg. Total feces and urine were collected from d 5 to 11, and a blood sample was taken from each pig at d 11 and 25. The initial moderate P deficiency (DD−) stimulated Ca absorption (5%; P < 0.01), irrespective of the repletion diet, and stimulated P absorption (5%; DD × phytase, P < 0.05), only when the diets contained phytase. At the end of the repletion period, because of these compensatory phenomena, the depleted pigs achieved full recovery of femur DM and ash weight when they received phytase, whereas ash concentration tended to remain reduced by 3% (P = 0.08). Phosphorus digestibility was improved in the diets supplemented with phytase (73.0 vs. 56.0%; P < 0.001), whereas an increase in dietary Ca decreased P digestibility (65.6 vs. 63.4%; P < 0.05). Those 2 effects were independent, indicating that dietary Ca reduced equally P digestibility with and without phytase and did not influence the efficiency of phytase in releasing P in the digestive tract. In pigs fed diets with phytase, however, the reduction of Ca (Ca:P from 1.9 to 1.3) increased urinary P losses 5-fold. Those extra losses were due to a lack of Ca for skeleton ash deposition, resulting in a 4% reduction in femur ash concentration. In the end, reducing the dietary Ca:P from 1.9 to 1.3 in a practical diet containing 0.56% P did not improve the efficiency of phytase in releasing P. Moreover, the reduction in dietary Ca (Ca:P) caused an imbalance between Ca and P that impaired bone mineralization.
INTRODUCTION
In many areas of intensive pork production, the land application of swine manure is limited by its P content. Besides, global reserves of phosphates are not renewable and their depletion could lead to a crisis in P supply (Abelson, 1999) . In an effort to address these 2 environmental issues, feeding strategies have been developed to limit P overfeeding and P excretion by pigs. Among those strategies, the introduction of exogenous phytases in pig feed is recognized as a reliable means to increase the availability of phytate P and, thus, decrease the need for supplemental inorganic P (Dourmad and Jondreville, 2006; Selle and Ravindran, 2008) .
According to several authors (Lei et al., 1994; Qian et al., 1996; Liu et al., 1998) , wide Ca:total P (Ca:P) in P-deficient diets supplemented with phytase would reduce the efficiency of phytase. It is, thus, accepted that the dietary Ca:P in phytase supplemented pig diets should not exceed 1.0 to 1.3 to ensure maximum microbial phytase efficacy. However, this statement was questioned by Driver et al. (2005) and Selle and Ravindran (2008) , who pointed out that diets without phytase had not been tested in those studies. Therefore, an alternative conclusion would be that animals perform better when phytase is added to low-P diets with a Ca:P from 1.0 to 1.3 rather than 2.0. Moreover, the soundness of extrapolating findings based on P-inadequate diets to practical diets is questionable. Particularly, low-Ca diets with adequate P content may cause an imbalance between Ca and P. Fammatre et al. (1977) showed that compensatory bone mineralization phenomena occurred in finishing pigs moderately restricted in dietary Ca and P during the growing phase. In poultry, it has been even suggested that this adaptation process be used to achieve a global reduction in P excretion through a dietary restriction-repletion protocol (Yan et al., 2005; Létourneau-Montminy et al., 2008) . If such strategies were to be implemented in pigs, the question arises whether moderate mineral depletion would modulate the response of animals to phytase at different Ca:P in the repletion period. Therefore, this study was conducted to assess the effect of 2 dietary Ca concentrations on P and Ca digestive and metabolic utilization in pigs fed corn-soybean meal diets with practical amounts of P, with or without phytase. The responses of pigs fed adequate Ca and P diets or fed moderately deficient diets during the early postweaning period were compared.
MATERIALS AND METHODS
The experiment was conducted in accordance with the French Ministry of Agriculture's guidelines for animal research.
Animals and Experimental Procedures
A total of 120 Piétrain × (Landrace × Large White) pigs (equal numbers of castrated males and females) weaned at 28 d of age and weighing 8.6 ± 1.0 kg were housed 2 castrated males or gilts per pen. For 5 d, they were allowed free access to a standard diet containing all their nutrient requirements (INRA, 1989) . Out of the 120 pigs, 30 from each sex for a total of 60 pigs were randomly chosen and kept for the subsequent 35-d experiment, which consisted of a 10-d depletion period followed by a 25-d repletion period. During the entire experiment, pigs were individually housed in stainlesssteel metabolism pens and weighed weekly. The daily feed allowance was adjusted to 3.5% of BW and offered in 2 equal meals, whereas pigs had free access to drinking water. Daily feed intake was recorded individually. Room temperature was maintained at 25 ± 1°C.
At the beginning of the depletion period, pigs were grouped on the basis of BW into 30 pairs. One of the 2 pigs in each pair was randomly assigned to 1 of the 2 depletion diets (DD). At the end of the 10-d depletion period, the pigs were individually weighed after an overnight fast and then blocked into 10 pigs/block according to sex (3 blocks/sex), the diet fed in the depletion period (5 pigs from each diet), and BW. At that point, 12 pigs (2 pigs per block, with 1 pig for each DD) were randomly chosen and immediately slaughtered to assess their mineral status. For the subsequent 25 d, the remaining 48 pigs were fed 1 of the 4 repletion diets (RD), which were formulated as follows: 1) 0.56% P, 1.06% Ca; 2) 0.56% P, 0.67% Ca; 3) diet 1 + 1,000 phytase unit (FTU; 1 FTU is the amount of enzyme that liberates 1 μmol inorganic P from 5.1 mmol/L solution of sodium phytate per minute at pH 5.5 and 37°C) of Natuphos phytase (BASF AG, Ludwigshafen, Germany)/kg; and 4) diet 2 + 1,000 FTU of Natuphos phytase/kg.
A 7-d balance trial was conducted from d 5 to 11 of the repletion period. Feces and acidified urine (3 mL of 10% sulfuric acid per liter) were collected individually each day and stored at 4°C. At the end of the collection period, feces and urine were homogenized individually and sampled. Fecal samples were freeze-dried, and the urine samples were stored at −20°C until analysis.
A blood sample was taken from each pig at the end of the depletion period (d 0 of the repletion period), at the end of the balance trial (d 11), and at the end of the experiment (d 25). After an overnight fast, blood was collected from a jugular vein into 10 mL of heparinized vacutainer tubes. After centrifugation (3,000 × g for 10 min at 4°C), plasma was collected and stored at −20°C until analysis. Pigs, 12 pigs at d 0 and 48 pigs at the end of the experiment, were slaughtered immediately after bleeding by electro-immobilization and exsanguination. The right femur was extracted, weighed, and stored at −20°C.
Experimental Diets
The RD and DD were all based on corn and soybean meal, with the diets fed in the depletion period also containing whey (Table 1 ). All the experimental diets were formulated to meet all the nutrient requirements of weanling pigs, except Ca and P (INRA, 1989; INRA-AFZ, 2004) . The 2 diets used during the depletion period were similar except for their Ca and P concentrations, whereas the 4 RD differed only in their Ca concentration and phytase activity ( Table 2 ). The Ca and P concentrations were adjusted with calcium carbonate and monodicalcium phosphate (212 g of P and 192 g of Ca/kg) at the expense of cornstarch. Microbial 3-phytase (Natuphos, 6,930 FTU per g) was used to modify phytase activity in the RD. The feedstuffs were ground in a hammer mill fitted with a 2.5-mm screen before they were incorporated into the diets. The diets were fed as pellets. Damage to the phytase was not expected because the outlet temperature did not exceed 60°C.
For the depletion period, one of the DD (DD+) was formulated to contain 0.48% digestible P (dP; INRA-AFZ, 2004 ) with a Ca:digestible P (Ca:dP) of 2.7 to ensure maximum bone mineralization in 10-kg pigs according to French standards (Jondreville and Dourmad, 2005) . The expected Ca and P concentrations, and Ca:P in the DD+ diet were, thus, 1.30%, 0.80%, and 1.6, respectively. The second DD (DD−) diet was created by reducing the concentration of Ca and dP by 60%. The expected Ca, dP, and P concentrations, and Ca:P were, thus, 0.52%, 0.19%, 0.42%, and 1.2, respectively.
In the repletion period, 2 phytase-supplemented diets differing only in their Ca concentration [high-Ca diet (HCaPhyt+) and low-Ca diet (LCaPhyt+)] were formulated to contain 0.38% dP, including 0.12% dP from 1,000 FTU microbial phytase (Kornegay, 2001) . Their expected P concentration was 0.56%. The 0.38% of dP was expected to satisfy the requirement for maximum bone mineralization in 15-kg pigs (Jondreville and Dourmad, 2005) . The Ca concentration was adjusted for a Ca:P of 1.9 in HCaPhyt+ and 1.2 in LCaPhyt+. This latter ratio is sometimes recommended in phytasesupplemented diets to maximize phytase efficacy (Selle and Ravindran, 2008) . Thus, the expected Ca concentration were, respectively, 1.03% in HCaPhyt+ and 0.67% in LCaPhyt+, resulting in a Ca:dP of 2.7 and 1.8, respectively. The 2 diets without microbial phytase supplementation, HCaPhyt− and LCaPhyt−, were similar to HCaPhyt+ and LCaPhyt+, respectively. The expected Ca and P concentrations of HCaPhyt− and LCaPhyt− diets were similar to those of HCaPhyt+ and LCaPhyt+, respectively, but their dP concentra- tion was reduced to 0.26% and their Ca:dP reached 4.0 and 2.6, respectively.
Analyses
All samples were analyzed in duplicate. Phytase activity in the RD was measured colorimetrically after incubation in a sodium phytate solution (Engelen et al., 1994) .
Plasma alkaline phosphatase (AP) activity was measured using the Biomerieux procedure (Marcy l'Etoile, Paris, France) on a Cobas Mira apparatus (HoffmanLaRoche, Nutley, NJ). One unit (U) is defined as the amount of enzyme required to produce 1 μmol of pnitrophenol per minute at 37°C. Plasma osteocalcin (OC) concentration was measured using an ELISA kit (Quidel, Metra, France). Before Ca and P analyses, 1 mL of plasma was mixed with 0.5 mL of 3 N HCl and 0.5 mL of 40% trichloroacetic acid and centrifuged at 3,000 × g for 15 min at 4°C.
Right femurs were autoclaved at 120°C for 20 min to facilitate the removal of soft tissue and were longitudinally sectioned. Bone DM and ash contents were sequentially determined after 12 h of drying at 103°C and 16 h at 550°C, respectively, a muffle furnace.
The DM content in the diets and feces was determined by drying to a constant weight at 103°C. Before Ca and P analyses, samples of the diets and feces were ashed at 550°C for 8 h in a muffle furnace, then solubilized with 16 N HNO 3 and 30% H 2 O 2 on a digestion block to dryness and finally diluted in 0.4 N HNO 3 . Calcium was analyzed by flame atomic absorption spectrophotometry (SpectrAA 220 FS, Varian, Springvale, Australia), and P was analyzed according to the vanadate colorimetric method (Cobas Mira Apparatus).
Calculations and Statistical Analysis
Average daily gain and ADFI were calculated over each experimental period (depletion and repletion). Feed efficiency was calculated as the ratio of ADG to ADFI. Absorption of Ca and P was calculated as the difference between P and Ca ingested (g/d) and excreted in feces (g/d).
Data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC) using the individual pig as the experimental unit. For the depletion period, the model included the experimental diet (DD+ or DD−) and initial BW as covariates. For the repletion period, performance, balance, and bone data were analyzed as a 2 × 2 × 2 factorial arrangement of treatments, with diet fed in depletion period (DD+ or DD−), microbial phytase (with or without), dietary Ca content (high-Ca or low-Ca) in RD, and their interaction as fixed effects and the block as a random effect. For plasma concentrations, time (d 0, 11, and 25) was added to the model using repeated measures in the MIXED procedure of SAS (Littell et al., 1998) . Differences were considered significant when P ≤ 0.05 and as a trend when 0.05 < P ≤ 0.10.
RESULTS
The analyzed P concentrations in diets fed in depletion period were in agreement with the expected values (Table 2) , but the Ca concentrations were slightly DD−, depletion diet low in P and Ca; DD+, depletion diet high in P and Ca; HCaPhyt+, repletion diet high in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, Ludwigshafen, Germany; analyzed activity: 6,930 FTU/g); HCaPhyt−, repletion diet high in Ca without phytase; LCaPhyt+, repletion diet low in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, analyzed activity: 6,930 FTU/g); and LCaPhyt−, repletion diet low in Ca without phytase. Analyzed as described in Materials and Methods section.
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Digestible P (dP), calculated according to INRA-AFZ (2004) ; dP for 1,000 FTU of phytase was 0.12% (Kornegay, 2001 ).
Calcium and phosphorus utilization in pigs greater than expected (1.42 vs. 1.30% in DD+ and 0.67 vs. 0.52% in DD−). Compared with DD+, the Ca concentration in DD− was reduced by 53% instead of the expected 60%. The analyzed concentrations of Ca and P in the RD were in agreement with the expected values, and the Ca:P of 1.9 in both of the high-Ca diets was reduced to 1.3 and 1.2 in the low-Ca diets. Phytase activity was 790 and 960 FTU/kg in HCaPhyt+ and LCaPhyt+, respectively, and less than the detection limit of 50 FTU/kg in the diets without microbial phytase.
Depletion Period
Reduced dietary Ca and P concentrations during the 10-d depletion period did not affect growth performance (Table 3) . However, reducing the dietary Ca and P concentrations increased plasma Ca and AP (10%, P < 0.01 and 27%, P < 0.001, respectively) and decreased plasma P (13%, P < 0.001), but did not influence plasma OC (P > 0.10). At the end of the depletion period, femur DM, ash weight, and concentration had decreased by 12 (P < 0.05), 18 (P < 0.01), and 8% (P < 0.05), respectively, in animals fed DD− compared with those fed DD+.
Growth Performance and Bone Characteristics in Repletion Period
A 3-way interaction was observed for initial BW (P = 0.05), ADG (P = 0.05), final BW (P < 0.01), and G:F (P = 0.07; Table 4 ), but analyses of repeated measures of BW did not reveal a time × treatment interaction. The dietary concentration of Ca affected ADG and G:F, but the extent varied depending on the diet fed in the depletion period (DD × Ca, P < 0.05; Table  4 ). In the pigs fed DD−, a greater ADG and G:F were observed with a low-Ca diet compared with a high-Ca diet (3%), whereas in pigs fed DD+, less ADG and G:F were observed in low-Ca diet compared with highCa diet (1 and 2%, respectively). Phytase addition increased ADG (3%, P < 0.01) and G:F (4%, P < 0.001), whereas final BW was not affected by phytase.
By the end of the experiment, femur ash concentration tended to remain slightly less in pigs fed DD− compared with those fed DD+ (3%, P = 0.08). Femur ash concentration was also affected by phytase (11%, P < 0.001). In the absence of phytase, femur ash weight was less, but the extent tended to be greater in pigs fed DD− than in those fed DD+ in the depletion period (20 and 9%, respectively; DD × phytase, P < 0.05). Similarly, femur DM tended to be less in the absence of phytase, but only in pigs fed DD− (12%, DD × phytase, P < 0.05). Decreasing dietary Ca content affected femur ash concentration (3%, P < 0.05).
Calcium and Phosphorus Balance
The restriction of Ca and P during the depletion period improved the Ca balance in the repletion period (Table 5) . Feeding a diet with reduced Ca and P resulted in a 10% decrease in fecal Ca excretion (P < 0.05), and a 5% increase in Ca absorbed and retained (P < 0.01 and P = 0.06, respectively) in the subsequent feeding period regardless of the dietary treatment in the repletion phase. However, urinary Ca excretion was unaffected by diet fed in the depletion period. Absorption and retention coefficients of Ca were raised by Ca and P restriction during the depletion period from 65.9 to 69.6% (P < 0.01) and from 59.8 to 62.6% (P < 0.05), respectively.
A 2-way interaction between Ca and phytase was observed in Ca intake (P < 0.05) because of variations in the dietary Ca concentration in the diet (e.g., LCaPhyt+ = 0.69% Ca and LCaPhyt− = 0.65% Ca). Absorbed Ca (g/d) and the absorption coefficient were increased when phytase was added to the RD (2.84 vs. 2.43 g/d and 72.2 vs. 63.3%, respectively, P < 0.001). Reducing the dietary Ca concentration decreased absorbed Ca (34%, P < 0.001) but did not affect the Ca absorption coefficient. Urinary Ca losses were decreased by adding phytase (29%, P < 0.05) and by decreasing the dietary Ca content (68%, P < 0.001). Urinary Ca losses were, thus, least for pigs fed LCaPhyt+, where those losses amounted to 3% of the absorbed Ca. Those losses tended to be 1.8 times greater in pigs fed LCaPhyt−, reaching 10% of the absorbed Ca, and were 4.6 and 5.5 times greater in the pigs fed HCaPhyt+ and HCaPhyt−, respectively. For the latter 2 diets, urinary Ca losses amounted to 11 and 15% of the absorbed Ca, respectively. Because of reduced urinary losses, the effect of phytase addition on Ca retention coefficient was greater in the low-Ca diet (Ca × phytase, P < 0.05). Nevertheless, the diets were similarly ranked for the amounts of the absorbed and retained Ca expressed in grams per day, with the greatest value in pigs fed HCaPhyt+, followed by descending order in those fed HCaPhyt−, LCaPhyt+, and LCaPhyt− (compared with HCaPhyt+, 13, 24, and 44%, respectively). Pigs fed diets with phytase absorbed and tended to retain more P (+5%) when fed DD− rather than DD+ in the depletion period (DD × phytase, P < 0.05 and P = 0.07, respectively; Table 6 ). Similarly, there was a tendency toward reduced fecal P excretion in DD− compared with DD+ in pigs fed diets with phytase (DD × phytase, P = 0.08). The effect of phytase addition on absorbed P and the P absorption coefficient was, thus, greater in DD− than in DD+ (35 vs. 27% and 34 vs. 27%, respectively). Moreover, the P absorption coefficient and amount of absorbed P were greater in the low-Ca diets than in the high-Ca diets (65.6 vs. 63.4%, P < 0.05 and 1.61 vs. 1.66 g/d, P = 0.06, respectively). Urinary P excretion remained reduced in pigs fed HCaPhyt+, HCaPhyt−, and LCaPhyt−, where it amounted to around 2% of the absorbed P. Urinary P excretion was increased 4.7-fold in pigs fed LCaPhyt+, amounting to 9% of absorbed P. As a consequence, although the P retention coefficients and retained P were least in diets without phytase (0.55 and 1.39 g/d, respectively), they were increased in diets with phytase, but the extent tended to be greater in the pigs fed HCaPhyt+ (0.71 and 1.80 g/d, respectively; Ca × phytase, P < 0.05) than in those fed LCaPhyt+ (0.67 and 1.70 g/d, respectively; Ca × phytase, P < 0.05).
Plasma Concentrations in Repletion Period
Plasma AP activity could not be measured in the samples collected during the repletion period because they were adversely affected by a storage problem. As shown in Figure 1 , by the end of the balance study (d 11) and the end of the experiment (d 25), plasma P concentrations in pigs fed DD+ and DD− could not be differentiated (DD × time, P < 0.001; Table 7 ). From d 11 onward, all the pigs, except those fed the HCaPhyt− RD, showed similar plasma P concentrations (Ca × phytase × time, P < 0.01; Figure 2 ). Con- Table 4 . Growth performance and bone characteristics, at the end of the repletion period, in pigs fed adequate (DD+) or deficient (DD−) diet in depletion period and low-Ca or high-Ca diet supplemented with phytase The repletion period lasted 25 d. Values are means (n = 6).
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Interaction Ca × phytase (Phyt) was not significant (P > 0.10).
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There was no P-value for ADFI because pigs were fed restrictively. The repletion period lasted 25 d. Values are means (n = 6).
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Interactions, DD × Ca and DD × phytase (Phyt), were not significant (P > 0.10). Table 6 . The repletion period lasted 25 d. Values are means (n = 6).
Interactions DD × Ca × phytase (Phyt) and DD × Ca were not significant (P > 0.10).
sequently, the effect of phytase on plasma P was greater in high-Ca compared with the low-Ca diets (d 11 = 22 vs. 6% and d 25 = 18 vs. 3%), and decreasing the dietary Ca increased plasma P to a greater extent in the diet without phytase (d 11 = 20 vs. 4% and d 25 = 20 vs. 5%). Decreasing the dietary Ca concentration increased plasma P concentration by 12 to 13% in all diets with the exception of pigs fed DD− followed by a diet supplemented with phytase (DD × Ca × phytase, P < 0.05; Figure 3) . The difference in plasma Ca between DD+ and DD− at d 0 disappeared in the repletion period, during which DD− and DD+ could no longer be differentiated (DD × time, P < 0.05; Figure 1 ). The RD did not influence plasma Ca concentration (Table 7) .
Plasma OC concentration could not be differentiated between pigs fed DD+ and DD− during the depletion period (Figure 1) . The effect of the addition of phytase on plasma OC concentration was reduced from d 11 to 25 (18 and 6%; phytase × time, P < 0.05; Figure  2) . Similarly, decreasing dietary Ca had a lesser effect on plasma OC concentration at d 25 compared with d 11 (Ca × time, P < 0.05; Figure 2 ). The addition of phytase increased plasma OC concentration in all diets, with the exception of pigs fed DD− followed by low-Ca diet in the repletion period (DD × Ca × phytase, P < 0.01; Figure 3) , where the opposite can be observed.
DISCUSSION
Deteriorated femur characteristics in pigs fed DD− compared with those fed DD+ at the end of the depletion period (12, 18, and 8% reductions) in femur DM, ash weight, and concentration, respectively) indicated impairment of bone mineralization. Similar or even greater decreases in femur ash concentration because of longer experiment durations were reported by several authors who fed weaned pigs P-deficient diets (Mahan, 1982; Koch et al., 1984; Reinhart and Mahan, 1986 ). In the current study, increased plasma Ca (10%) and decreased plasma P (18%) in pigs fed DD− compared with those fed DD+ also confirmed that the DD− animals presented a profile of P deficiency rather than Ca deficiency (Sommerville et al., 1985) . Similar features, with a wider variation in plasma P than in plasma Ca, were reported in P-deficient pigs (e.g., Mahan, 1982; Koch et al., 1984; Reinhart and Mahan, 1986 ). An increase in plasma AP activity (27%) in pigs fed DD− also supports P deficiency (Boyd et al., 1983; Koch et al., 1984) . This enzyme, secreted by osteoblasts, is believed to increase in response to a lack of circulating P for bone mineralization (Boyd et al., 1983) . All those results indicate that, in the pigs fed DD−, regulation processes may have occurred in response to P deficiency. Indeed, P deficiency causes regulation processes that involve the synthesis of 1,25(OH) 2 D 3 and intestinal Ca binding protein (CaBP) and result in enhanced absorption of Ca and P, although P deficiency does so to a lesser extent than Ca deficiency (Fox et al., 1978; Sommerville et al., 1985) .
The DD did not affect pig performance, although feed intake, daily BW gain, and feed efficiency were reported to be impaired when diets with reduced P content are provided to pigs (Mahan, 1982; Koch et al., 1984; Reinhart and Mahan, 1986) . However, performance was reported to be less sensitive to P deficiency than plasma or bone indicators. The extent of the reduction in dietary supply, combined with the short duration of the experiment (10 d), may have elicited deficiency that was too moderate to affect growth performance. Moreover, the current experiment, which involved the restriction of feed intake, was not designed to adequately assess the effect of P deficiency on performance. Nevertheless, at the end of the depletion period, we were able to classify pigs into 2 groups, each group having similar BW but differing mineral status, as assessed by bone and plasma characteristics. within time, means without a common letter differ (P < 0.05). DD+, depletion diet high in P and Ca; DD−, depletion diet low in P and Ca.
The pigs with impaired mineral status (DD−) exhibited greater Ca absorption and retention (5%) irrespective of the RD, and greater P absorption and retention (4 to 5%), only when the diets contained phytase. This latter observation indicates that the amount of P present in a form suitable for absorption in the digestive tract of depleted pigs fed diets without phytase was limiting. Nevertheless, this stimulated absorption capacity was probably the result of the previously mentioned regulating mechanisms activated by P deficiency in pigs fed DD− (Fox et al., 1978; Sommerville et al., 1985) . The complete recovery of femur ash weight in depleted pigs fed diets with phytase is in accordance with the improvement in Ca and P absorption and demonstrates their ability to compensate for depleted mineral status.
During the repletion period, depleted pigs fed diets with phytase deposited 27 and 38% more femur DM and ash, respectively, than nondepleted pigs fed similar diets. On the contrary, when fed diets without phytase, depleted pigs deposited only 9% more femur ash than nondepleted pigs and similar amounts of femur DM. However, this was not sufficient to fully restore femur DM and ash weight, which remained 8 and 10%, respectively, less than in nondepleted pigs fed a diet without phytase. As a consequence, although depleted pigs fed diets with phytase achieved femur ash weight recovery, femur ash concentration by the end of the experiment tended to remain 3% less in the pigs fed DD− compared with those fed DD+, irrespective of the presence of phytase in the RD. Compensatory phenomena in chicks with decreased bone ash stores have been described previously (Yan et al., 2005; Létourneau-Montminy et al., 2008) . Notably, chickens were able to fully compensate for tibia ash weight and ash concentration (Létourneau-Montminy et al., 2008 ). In the current experiment, however, recovery of femur ash concentration tended to be incomplete, despite stimulated ash deposition. Fammatre et al. (1977) also noticed that bone ash concentration at slaughter (92 kg) still remained slightly less in pigs moderately depleted during the growing period (−3% in bone ash concentration at 52 kg), despite compensatory bone mineralization. Nevertheless, a conclusion about a possible permanent impairment of bone ash concentration in pigs cannot be drawn from the current data. Indeed, the recovery capacity of animals may depend on the bone such as the extent to which stores are depleted, the stage at which bone stores are reduced, and the length of the repletion period.
As expected, phytase improved P digestibility (73.0 vs. 56.0%) and elicited an increase in digestible P supply by 1.0 g/kg diet in nondepleted pigs (Table 8) . Because of greater absorption, the response to phytase was slightly greater (1.2 g of digestible P/kg of diet) in depleted pigs. Nevertheless, those 2 values were within the range of the expected equivalency of 1.2 g of digestible P for 1,000 FTU (Kornegay, 2001) . Similarly, phytase improved the Ca absorption coefficient (72.2 vs. 63.3%), inducing an increase in digestible Ca of 0.9 g/kg of diet. Positive effects of phytase on Ca digestibility were reported by several authors Kemme et al., 1997) and may be due to the release of Ca bound to phytate in the upper part of the digestive tract.
Increased dietary Ca slightly reduced the P absorption coefficient (65.6 vs. 63.4%). However, the effect of phytase on P digestibility was similar at high and low content of dietary Ca, indicating that the slight negative effect of Ca on P digestibility was independent of phytase. Even with decreased dietary P supplies (0.40%), the results of Adeola et al. (2006) indicated that P utilization in pigs can be affected by Ca level (0.49 to 0.70%) with and without phytase. Thus, the current results and those of Adeola et al. (2006) contradict the negative effect of relatively large Ca:P on P release from phytate by phytase, which has been also questioned previously by Driver et al. (2005) and Selle and Ravindran (2008) .
The overall negative effect of increased Ca content on P utilization is a well-known phenomenon that can be alleviated if the dietary P supply is sufficient (Reinhart and Mahan, 1986) . Calcium was reported to reduce P digestibility (Qian et al., 1996) by decreasing the amount of P in a form suitable for absorption through the formation of precipitates of Ca 2 PO 4 (Cromwell, 1996) and of insoluble complexes with the phytate molecule (Wise, 1983; Maenz et al., 1999 ). In the current experiment, only small effects were detected, probably because the dietary P supply was only slightly less than the requirement compared with the supply in those experiments.
In pigs fed diets without phytase, irrespective of Ca concentration, and in pigs fed HCaPhyt+, basal urinary P losses can be between 2 and 3 mg/kg of BW daily (Jongbloed, 1987) . This observation indicates that HCaPhyt+, although formulated as a practical diet, did not necessary satisfy the P requirements of 15-kg pigs. In contrast, LCaPhyt+ elicited the increase in urinary P losses almost 5-fold, reaching 12 to 13 mg/kg of BW daily, and daily urinary Ca losses were the least amount, around 4 to 5 mg/kg of BW. In this latter diet, the amount of absorbed P was, thus, in ex- Figure 2 . Average plasma concentration of P, Ca, and osteocalcin (OC) during the repletion period according to depletion and repletion diets. Means ± SE (n = 12); a,b within time, means without a common letter differ (P < 0.05). HCaPhyt+, repletion diet high in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, Ludwigshafen, Germany; analyzed activity: 6,930 FTU/g); HCaPhyt−, repletion diet high in Ca without phytase; LCaPhyt+, repletion diet low in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, analyzed activity: 6,930 FTU/g); LCaPhyt−, repletion diet low in Ca without phytase. within repletion diet, means without a common letter differ (P < 0.05). DD+, depletion diet high in P and Ca; DD−, depletion diet low in P and Ca; HCaPhyt+, repletion diet high in Ca and 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, Ludwigshafen, Germany; analyzed activity: 6,930 FTU/g); HCaPhyt−, repletion diet high in Ca without phytase; LCaPhyt+, repletion diet low in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, analyzed activity: 6,930 FTU/g); LCaPhyt−, repletion diet low in Ca without phytase. cess compared with absorbed Ca. Therefore, although phytase released an equivalent of 1.1 g of digestible P from phytate/kg of diet, the equivalency value, expressed in terms of retained P, was substantially reduced when the dietary Ca supply was reduced (1.1 vs. 0.7 g/kg of diet; Table 8 ). The observed 4% decrease in femur ash concentration in low-Ca compared with high-Ca when the diet containing phytase is consistent with the lack of hydroxyapatite for deposition in the skeleton. However, femur DM and ash weight were not sensitive to the decrease in dietary Ca concentration, indicating that the imbalance between Ca and P in lowCa diet affected the degree of bone mineralization, but not growth of the bone organic matrix.
A similar imbalance between Ca and P given to pigs was reported by Seynaeve et al. (2000) in growing pigs fed corn-soybean meal diets supplemented with microbial phytase (500 FTU/kg) and containing 0.47% P; urinary P losses were at their minimum amount when the dietary Ca:P was 2.2 and increased 4-fold when Ca:P was 1.5. The negative effect of decreasing dietary Ca concentration was not observed with diets containing 0.34% P. Thus, it clearly indicates that the imbalance between Ca and P induces by decreasing dietary Ca concentration is specific to diets with practical P amounts and illustrates the risks encountered when extrapolating findings based on P-inadequate diets to practical diets. All these results clearly contradict the recommendation of reducing the Ca:P ratio to 1.1 to 1.2 in practical diets supplemented with phytase. Rather, dietary Ca should be adjusted to an amount that maximizes P digestibility without impairing P retention. In this respect, several authors (e.g., Jongbloed et al., 1999; Jondreville and Dourmad, 2005) suggested that the dietary Ca supply relative to P should be expressed on the basis of the Ca:dP rather than Ca:P and recommended that Ca:dP be adjusted to 2.7. In the current experiment, the Ca:dP, which reached 2.5 to 2.6 in HCaPhyt+, still caused a slight impairment of P digestibility but prevented Ca and P imbalance for bone mineralization.
It should be noted that HCaPhyt− elicited the least P absorption and consequently induced a sustained and marked hypophosphatemia compared with animals fed the other diets (63 vs. 76 mg/L). The imbalance between Ca and P in hypophosphatemic pigs caused the excess Ca to be lost in urine (21 mg/kg of BW daily). That was consistent with reduced bone mineralization resulting from the lack of P in these pigs. At d 11, in pigs fed HCaPhyt− compared with LCaPhyt+, plasma OC, an osteoblastic marker, was decreased, reflecting a reduction of bone turnover (Carter et al., 1996) . Furthermore, in pigs fed low-Ca diets, plasma OC at d 25 tended to be increased compared with the animals fed high-Ca diets (387 vs. 347 μg/L), whereas femur DM and ash weight did not change, although femur ash concentration was slightly less (412 vs. 426 g/kg of DM). That indicates that the slight increase in bone turnover in pigs fed low-Ca diets was sufficient to ensure a degree of bone growth equivalent to that of the animals fed high-Ca diets, whereas the degree of bone mineralization was slightly impaired. Those observations indicate that pigs were able to regulate bone turnover in response to the lack of Ca. Nevertheless, this regulation process was not sufficient to maintain bone ash concentration when the dietary Ca:P was reduced from 1.9 to 1.3 in diets containing a practical amount of P.
This study confirms that Ca and P utilization in pigs can be stimulated by an earlier moderate P deficiency. During a 25-d period of repletion, however, the pigs were not able to fully compensate for the previously reduced bone mineral concentration. Although the duration of the repletion period was short, those results indicate that the depletion may have induced a permanent impairment of skeleton mineral content. Clearly, we did not confirm that the Ca:P should be reduced to 1.1 to 1.3 in diets supplemented with phytase. In diets containing 5.5 g of P and 1,000 FTU/kg, increasing Ca:P ratio from 1.3 to 1.9 did not impair P release from phytate by phytase. Moreover, despite the improvement of P absorption, the use of a Ca:P of 1.3, compared with 1.9 in phytase-supplemented diets, did not DD−, depletion diet low in P and Ca; DD+, depletion diet high in P and Ca; HCaPhyt+, repletion diet high in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, Ludwigshafen, Germany; analyzed activity: 6,930 FTU/g); HCaPhyt−, repletion diet high in Ca without phytase; LCaPhyt+, repletion diet low in Ca with 1,000 phytase units (FTU)/kg of microbial Natuphos phytase, produced by recombinant Aspergillus niger (BASF AG, analyzed activity: 6,930 FTU/g); LCaPhyt−, repletion diet low in Ca without phytase.
constitute a relevant strategy because of major urinary P losses related to a lack of Ca for bone mineralization. Phytase was, thus, more efficient regarding P retention and bone mineralization in the diet with a ratio of 1.9 than that with a ratio of 1.3. In pig diets, dietary Ca should be adjusted to an amount that maximizes P digestibility without impairing P retention. These results emphasize the need for further work to fine-tune dietary supply of Ca and P for pigs.
